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The Vaca Muerta Formation of the Neuquén Basin is an emerging shale play with extensive 
lateral extent and thickness up to 300m with significant anisotropy and heterogeneity throughout the 
basin. Stress analysis obtained using drilling induced tensile fractures and breakouts indicate a steadily 
orientated stress tensor and principal stress magnitudes consistent with the normal faulting stress regime. 
Analysis of wellbore integrity and limited number of wells drilled imply that horizontal wells drilled in 
the north-south direction in the Vaca Muerta Formation are the most productive. An integrated wellbore 
stability study was utilized to solve wellbore instability events including stuck pipe and tight holes 
encountered during the drilling of recent wells, to optimize future drilling operations, to maximize the 
drilling margin for the prospective wells, and to reduce drilling risks in the field. Past wellbore stability 
analysis include only a geomechanics component with isotropic rock assumption without incorporating 
temperature variations, rock-fluid interactions to predict instability issues using numerical models. 
In this study, the geomechanical model was coupled with the in-situ stress and anisotropic 
formation properties, temperature alteration, shale-fluid physico-chemical interactions, and the flow-
induced stress using the Mohr-Coulomb and Mogi-Coulomb failure criteria and possible causes of the 
wellbore-instability issues have been identified. The well trajectory, drilling-fluid density, and types of 
water-based mud were confirmed to have a dominant impact on the occurrence of the wellbore-instability 
problems in the Neuquén Basin. Core data, imaging, and sonic scanner logs were utilized to obtain in-situ 
stress magnitudes, orientations and formation properties. The stochastic risk and sensitivity analysis were 
conducted to evaluate the impact of the obtained input data on the study outcome.  
The data obtained from thirteen wells in the Vaca Muerta Formation was analyzed. The results 
show that a heavier drilling fluid with an increase of 0.1 g/cc from the actual mud weight used in the 
current wells will minimize the instability issues experienced. The results of this study could benefit the 
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CHAPTER 1 
INTRODUCTION 
In this study, an investigation of integrated workflow of wellbore stability analysis for 
well trajectory optimization and reducing drilling risks in the Vaca Muerta Shale Play (located in 
the Neuquén Basin of West-Central Argentina) was proposed. 
1.1 Motivation 
Producing commercial quantities of hydrocarbons from shales was not economical a few 
decades ago. The successful development in North America and recent exploration and appraisal 
activity around the world has changed the future outlook of the oilfield industry. Considering 
that shales are the most abundant form of sedimentary rocks, even countries that have low 
current hydrocarbon production have great interest on shale exploration for energy self- 
sufficiency.  Argentina, for example, has expressed a high level of interest in the Vaca Muerta 
Shale Formation.  The shale formations of special interest are organic-rich sedimentary rocks 
that act as both a source rock and a seal for hydrocarbons that accumulated in the porous 
over/underlying reservoirs. The migration of hydrocarbons out of source rocks into permeable 
formations took place over geologic time frames while a sufficient, potentially productive 
amount remained in the rock. Each shale play is unique with respect to its depositional 
environment, mineralogy, and production drivers, thus requiring a comprehensive study of 
reservoir characteristics, optimum well placement and trajectory, completion strategy and 
tailored fracture stimulation. Failure of any of these key aspects could be translated to a marginal 
or uneconomic well. In order to increase production and improve the economics of the play, 
 
    2  
horizontal wells with multi-stage completions are recommended due to their high success in 
shale plays within the United States.  
1.2 Objectives 
The objectives of this study include: 
1. Analyzing stability of wells targeting the Quintuco, Vaca Muerta and Tordillo 
formations. 
2. Developing one-dimensional mechanical earth model (1D MEM) and calibrating it with 
available core data. 
3. Building a coupled wellbore-stability model incorporating the effects of geomechanics, 
chemical, temperature alteration and induced flow components. 
4. Designing an optimized mud weight program for any given azimuth and inclination.   
This analysis is useful to determine the required drilling fluid density and to optimize the 
well trajectory for future drilling operations, completions, stimulation programs and field 
development in the Vaca Muerta Shale Play. The derived wellbore-stability model has been 
calibrated using all the available data. Additionally, the outcomes of this study have been 
compared to the pre-drill programs that were previously designed by the service companies at the 
same block the study of interest.   
1.3 Geological Characteristics  
The Vaca Muerta Formation is lithologically associated with the Late Jurassic mixed 
shale (calcareous and silicoclastic) which was developed along the northwestern part of the 
Argentinean Patagonia, in the Neuquén Basin (Figure 1.1). The Vaca Muerta Formation is a 
lithostratigraphic unit that can be easily recognized in outcrops as organic-rich marls (Figure 
 
    3  
1.2). The composing sedimentary architecture corresponds to a distal facies of a mixed carbonate 
sequence developed between the Jurassic Tithonan and Valanginian ages.  
This highly prolific source rock was deposited during the Tithonan (Late Jurassic) 
transgression that took place in the Neuquén Basin that rapidly flooded the underlying eolian and 
fluvial units of the Tordillo Formation (Kimmeridgian). This transgression marks the maximum 
basin expansion of the marine environment that extended for about 30,000 km
2
 (Badessich and 
Berrios, 2012).  
Locally, the shales and marls were deposited under external marine platform conditions 
behind an active volcanic back-arc, developed organic-rich facies from anoxic conditions, and 
reached a TOC that generally varies between 1 to 8% and occasionally reaching 12% in short 
intervals (Badessich and Berrios, 2012). These rocks contain high-quality, amorphous algal 
organic material, mainly I/II kerogen type; the thickness of which ranges from 25 m in the 
proximal areas, all the way up 450 m at the basin center.  This is coincident with the present 
depth distribution, ranging from less than 1000 m at the basin margin down to 4000 m near the 
basin center.  Due to this wide areal distribution, variable thickness and overburden, Vaca 
Muerta has produced a variety of hydrocarbons: low GOR liquid hydrocarbons, volatile oils, 
gas/condensate and dry gas. Three distinct hydrocarbon generation windows can be 
geographically identified throughout the basin, as shown in Figure 1.3. 
 From analysis of log and core data, it was determined that the matrix porosity of the 
Vaca Muerta shale varies from 4 to 14% with an average of 9%, while matrix permeabilities 
span from hundreds of nanodarcies to tens of microdarcies. The presence of natural fractures has 
also been known to play a substantial role in initial well rates (Badessich and Berrios, 2012).  
 
 























Figure 1.1 Prospective Shale Basins of Argentina (Stevens and Moodhe, 2013). 
 
 
















































Figure 1.3 Hydrocarbon generation window with blocks of interest (Modified from 
Badessich and Berrios, 2012). 
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1.3.1 Location of Study Area  





















 Figure 1.4 Sketch of the Neuquén Basin showing the locations of LJE and PSO blocks 
(Garcia et al, 2011). 
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1.4 Project Workflow 
The workflow highlighted in Figure 1.5 was followed to conduct the wellbore stability 
analysis. 
1. Build a 1D MEM using TechLog well log interpretation software.   
2. Determine in-situ stresses, pore pressure, and rock properties using available well logging 
data and core measurements. 
3. Calculate stresses acting at the wellbore and other input for wellbore stability model. 
4. Use the existing geomechanical model developed at the Unconventional Natural Gas 
Institute (UNGI) and incorporate the temperature alteration, chemical and flow-induced 
stress models. 
5. Perform history matching of the observed wellbore-instability issues with the built model 
in order to find the influence of each model component on the final results. 
6. Find required mud weight to drill the well with a particular trajectory and mud system. 
7. Make the analytical model flexible to adjustments of parameters and run during drilling 
operations. 
8. Set a critical-data-acquisition methodology to enhance the problem diagnosing process. 







Figure 1.5 Illustration of the workflow used in this study. 
 
    9  
1.5 Available Data  
Most of the available well data for wellbore-stability analysis comes from the Loma 
Jarillosa Este (LJE) block, Figure 1.6, with limited additional data from Puesto Silva Oesta 
(PSO) and Cinco Saltos (CS) blocks. An audit of the data from all wells in the LJE block (LJE-
X1001 , x1002-LJE , and LJE-1003-1003h , and LJE -1004- 004H , LJE - 1005h , and LJ -1006-
1006h , LJE-1007h , LJE-1008H , LJE-1009, LJE-1010) was performed in order to obtain an 
overall assessment of the possible model uncertainties arising from the lack of data or poor 
quality thereof.  Wellpath and deviation information was utilized to calculate the TVD.  
 
Figure 1.6 Available data including core measurements for the 
 thirteen wells drilled in LJE block. 
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1.5.1 Well Logging Data 
Well logging data was available for thirteen wells drilled in LJE block. Well log data has 
been used to build one-dimensional mechanical earth model for LJE-1010 well that has core 
measurements and more available data. In addition, Formation Micro Imager (FMI) and Sonic 
Scanner data collected in a limited number of wells has been utilized to obtain in-situ stress 
magnitudes as well as stress orientations and to estimate the level of stress anisotropy. The 
borehole logs were utilized to correlate with drilling data and to identify the specific intervals 
causing wellbore-stability issues. Mini-Fall Off Test (MFO) data was utilized to calibrate pore 
pressure prediction and minimum horizontal stress magnitudes for the study well.  
 
1.5.2 Daily Drilling Reports 
Severe wellbore instability events, such as stuck pipe, tight hole and lost circulation have 
been identified utilizing daily drilling reports. A drilling progress chart has been constrained 
using drilling reports. Observed challenges and reasons for the wellbore failure during the 
drilling have been correlated with caliper and FMI logs to find the intervals with rock failure.  
 
1.5.3 Daily Well Site Reports 
In an absence of well-log data for certain wells, daily well site reports were helpful in 
identifying intervals with various drilling events.  
 
1.5.4 Daily Mud Reports 
Daily drilling fluid (mud) reports were not provided. However, type, brand, name, and 
basic information of the drilling mud from the service company were obtained from end-of-
reports and utilized to incorporate chemical component effect into the numerical model in the 
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study. The information from drilling mud brochure and technical papers from the service 
company were helpful for the modeling of the chemical fluid-fluid and fluid-rock interactions 
during the drilling operations.  
 
1.5.5 Daily Mud Logging Reports 
One-dimensional mechanical earth model (1D MEM) has been enhanced with data from 
mud logging reports by calibrating with identified high pore pressure zones in source shale 
intervals. Gas show readings were used to calibrate data points for pore pressure specifically for 
the hydrocarbon-saturated shale intervals.  
 
1.5.6 Core Data 
The results of the laboratory core measurements from LJE-1010 well that were performed 
at TerraTek laboratory has been used in this study (Figure 1.7). An 18 meters core interval was 
taken at the bottom of the Vaca Muerta Formation within the organically-rich shale that was used 
for geomechanical testing (triaxial, uniaxial strain, hydrostatic), multistress anisotropy 
measurements, unconfined compression measurements, porosity, permeability, saturation, X-Ray 

































Figure 1.7 Overview of the Loma Jarillosa Este (LJE) block. Wells are colored using pins. 
Red pins indicate wells still in planning, green pins indicate wells used in the study, and 
black pins indicate unused wells. LJE-1010 is indicated in red oval (Willis, 2014). 
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CHAPTER 2 
LITERATURE REVIEW 
A literature review has been conducted in order to choose appropriate methodologies to 
efficiently perform the wellbore stability risk and sensitivity analysis conducted in this research 
study.  
 
2.1 Literature Review 
Tutuncu et al. (2006), discuss a case study that describes the wellbore stability 
methodology in combination with stochastic risk analyses. According to Tutuncu et al. (2006), 
one of the governing factors for well planning, especially for deviated and horizontal wells, is the 
identification of the regional and local in-situ stresses and enhancing the proposed well design by 
integrating wellbore stability analyses with geological tectonic data to solve drilling problems 
such lost circulation, wellbore instability, stuck pipe and hole cleaning. Subsequently, the study 
results were applied on the well design programs with implementation success and reduced 
significantly the amount of non-productive time in tectonically active formations in the Amazon 
jungle in western South America. The methodology used in that study consists of three main 
parts: in-situ stress determination, rock property determination, and wellpath optimization with 
integrated risk analysis. 
 Kadyrov (2012) and Tutuncu and Kadyrov (2012) describe a case study in the West 
Kazakhstan Field, where severe wellbore-stability issues have been encountered during drilling 
horizontal wells. To contribute to solutions of these issues, an integrated wellbore stability study 
was implemented to effectively plan the future drilling operations in the West Kazakhstan Field, 
to maximize the drilling margin for the future wells drilled, and to optimize the future field 
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development. According to the authors, a log-derived geomechanics component for wellbore 
stability analysis has been used to obtain wellbore stability numerical models due to the 
unavailability of core samples from the field. However, in the case of the Vaca Muerta Field, 
rock mechanical model derived both from logs provided by PlusPetrol and core measurements 
conducted at TerraTek laboratory coupled with the mechanical stress, temperature alteration, 
shale-fluid physico-chemical interaction, and the flow-induced stress using various failure 
criteria to build the numerical model. The Mogi-Coulomb formation failure criterion was found 
to be a better characterization of the brittle rock failure while utilization of the Mohr-Coulomb 
failure criterion resulted in overestimation of the wellbore collapse pressure assuming that the 
strengthening effect of the intermediate principle stress was ignored as discussed in detail in 
Kadyrov and Tutuncu (2012). 
The in-situ stress magnitudes and orientations were determined applying density, 
acoustic, resistivity, and wellbore image log analyses  as discussed in detail in Tutuncu et al. 
(2006). They used FMI logs and associated rose diagrams from the fracture analysis from the 
imaging logs to obtain the orientations of the principle horizontal stresses. As the investigated 
field was located in a tectonically active region, a 3D geological model with existing faults was 
very helpful to estimate the stress and formation property changes with respect to the well 
vicinity to the faults. The Vaca Muerta field is also located in a tectonically active region; the 
methodology described by Tutuncu et al. (2006) is followed in our study. By analyzing the 
geological data with deep lying faults, it is possible to understand the mechanics of the stress 
magnitude and orientation changes due to the existing faults and/or lithology alterations. Then, 
comparing the magnitudes of the overburden, maximum and minimum horizontal stresses, it is 
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possible to derive the stress regime and subsequent stress deriving equations in the Vaca Muerta 
field. 
  Because of the unavailability of the cores in the wells studied, Tutuncu et al. (2006) 
used gamma ray and dipole sonic data to determine static and dynamic Young’s modulus, 
Poisson’s ratio, uniaxial compressive strength and cohesion as the key input into their integrated 
wellbore stability model. The difference of that study from most of  the others was the 
correlation and comparison of the predicted tensile and compressive shear failures at the 
borehole with problem observations from the drilled wells such as the borehole instability, lost 
circulation, differential sticking intervals in the field. The derivative of this part of study was the 
determination of the optimum mud weight using elastic and elasto-plastic failure models and 
open-hole time estimations with the chosen mud weight and mud type. The described 
methodology, (Tutuncu et al., 2006), is applicable to obtain rock properties of the field of study.  
In the final part of their paper, Tutuncu et al. (2006) discussed the results of a wellpath 
optimization and integrated risk analysis study. The mud window for the deviated well was 
shown to differ depending on the magnitude and orientation of the minimal horizontal stress and 
the well trajectory and the hole cleaning efficiency was also shown to be related to the well 
utilizing a Shell proprietary hole cleaning model. Finally, the derived outcomes from the 
analyses in combination with observed reasons for the non-productive time operations were input 
in the Shell risk analyses program (SPIRIT) to perform the risk assessment optimization. The 
similar methodology using some oilfield calculations and practices to improve hole cleaning and 
Monte Carlo simulations has been applied on the Vaca Muerta field with the available daily 
reports and “End of well report” analyses. The results of the analysis of this study will be 
discussed in detail in Chapter 5. 
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van Oort et al. (2001) described the “Drilling the Limit” concept applying integrated 
borehole stability studies. They demonstrated the very similar concept introduced in the 
discussed article by Tutuncu et al (2006). However, there are some extensions and additions in 
outputs with a few case studies from challenging wells in the Gulf of Mexico. In addition to the 
integrated wellbore stability analyses, the study emphasizes the importance of the hole cleaning 
procedures, accurate ECD anticipation, and adequate mud selection. According to van Oort et al. 
(2001), a drilling troubleshooting process should be commenced from daily drilling and end-of-
well report analyses from the offset wells to clarify origins and reasons for the drilling issues. If 
wellbore instability issues are identified, the integrated wellbore stability study needs to be 
conducted in order to eliminate or at least mitigate those issues.  
Even though in most cases the overburden stress is a direct function of the bulk density, 
the overburden stress derived from the bulk density log can be misleading due to polymer-added 
WBM filtrate invasion in the rock and subsequent chemical interactions. Moreover, in complex 
anticlinal structures the “stress arching effect” can affect the distribution of overburden load 
along the “arch curve”. Therefore, after more rigorous geological analyses of the study field, 
presence of “stress arching” should be investigated. Another concept which has a general 
usefulness for any field is a modified leak-off test. van Oort stated that performing modified 
leak-off tests enables clarification of the induced fracture closuring pressure that provides the 
magnitude of the minimum horizontal stress. An Extended Leak-Off Test (XLOT) is 
recommended to be conducted at one of the wells to be drilled in the Vaca Muerta field in order 
calibrate mud window diagrams obtained from the well log analyses.  
In addition to the overburden and minimum horizontal stress determination, the 
derivation of the magnitude and orientation of the maximum horizontal stress can be a 
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challenging task. However, if both overburden and minimum horizontal stresses are available 
with a FMI log, it is possible to use the method described by Peska and Zoback (1995) to 
calculate the maximum horizontal stress magnitude with some degree of accuracy. This method 
will be described later.  
The selection of the wellbore stability model also can affect the results of wellbore 
stability analyses. In general van Oort et al. agree with Tutuncu et al. (2006) that numerical 
elasto-plastic models for the rock behavior would be more realistic and accurate than more 
conservative elastic models. This is true because “rocks continue to display load-bearing 
capability after failure”. Moreover, van Oort et al. (2001) recommend implementing in a bore 
stability study models which consider the thermal stress and chemical stress from the clay 
swelling or dehydrating processes.      
 
2.2 Numerical Modeling 
In the study conducted by Kadyrov et al. (2012), the magnitudes of the in-situ horizontal 
stresses and their difference from the overburden stress magnitude were addressed in wellbore-
stability analyses using numerical models. The role of stress anisotropy and its dominating 
influence on the wellbore-stability analysis was recognized. They emphasize the following:  
physico-chemical interaction between the formation local fluid and the introduced drilling fluid, 
formation temperature alterations induced during drilling, and the flow-induced stress effect 
which has a significant impact on the net stress concentrations at the wellbore. 
 
2.2.1 Stress Effect 
Modeling the mechanical stress effect at the wellbore is one of the most common 
methodologies to identify if the effective stresses around the borehole exceeds the compressive 
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strength of the rock. Aadnoy and Looyeh (2011) described in detail the workflow of obtaining 
the stress state at the wellbore using in-situ principle stresses, inclination, and orientation of the 
well.  
First, in-situ stress orientations and magnitudes need to be determined. The most common 
procedure for calculating the stress concentration around the wellbore is by utilizing the Kirsch 
equations. To find the stress state at the arbitrarily oriented wellbore, it is necessary to transform 
in-situ stresses to a new Cartesian coordinate system. Only after this transformation, we can 
derive the stress state near the vicinity of the wellbore using the Kirsch concept. For the stress 
transformation, Equation 2.1 is utilized below (Aadnoy and Looyeh, 2011). 
 
            
           
               
    
 
           
           
    
 
             
           
               
    
 
    
 
 
                        
 
    
 
 
         
           
              
 
    
 
 
                        
 
where   ,   ,    ,    ,    , and     are the transformed stress components (see Figure 2.1).  is 
the wellbore azimuth from the direction of      , and   is the wellbore inclination from the 
vertical. Both angles are in radians. The y-axis in this transformation is parallel to the plane 
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Figure 2.1 The position of stresses around a wellbore in the rock formation where            
represents the principle in-situ stress state, and,            and            represent the stress 
states at the wellbore in the Cartesian and cylindrical coordinate systems, respectively (Aadnoy 
and Looyeh, 2011). 
 
 
The transformation of Equation 2.1 from the Cartesian coordinate system to the 
cylindrical system results in Equation 2.2, which is the Kirsch equation. 
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where a is the radius of wellbore, and r is the outer radius;   is the wellbore position from the x-
axis.     is the difference between the wellbore pressure and pore pressure and can be expressed 
as in Equation 2.3: 
 
                                   
 
At the borehole, when r=a, Equation 2.2 is reduced to Equation 2.4. 
 
        
 
                                        
 
                                                        
 
           
 
                        
 
Then, the effective principle stresses at the borehole wall for an arbitrarily oriented well 
are calculated using Equation 2.5. 
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2.2.2 Chemical Interaction Effect 
Since the chemical composition of the water in the pores will most likely be different 
from the chemical composition of the drilling mud, a chemical interaction between drilling mud 
and formation fluid is likely. This chemical interaction is especially critical when the drilling 
mud is exposed to the shale intervals drilled. According to Fam and Dusseault (1999), the term 
shale has a broad definition in the drilling industry. This term includes “all fine-grained 
sedimentary rocks, with or without fissility, but with some amount of clay minerals present”. If a 
shale formation contains swelling clay minerals, this formation is considered to be reactive, and a 
careful mud selection should be conducted to minimize the interaction. Due to the low 
permeability of shale formations, it is difficult to create a filter cake to prevent chemical-
mechanical interactions in these zones. Therefore, water and pore pressure can penetrate into the 
shale formation and increase pore pressure (Tutuncu and Mese, 2011). When the pore pressure 
increases, stress alteration at the wellbore can occur resulting in shale yielding (Fam and 
Dusseault, 1999). If the mud weight used is not high enough to support the formation fluid 
pressure, the yielded shale can start sloughing into the wellbore, creating wellbore-stability 
issues. This shale yielding problem can be avoided by utilizing oil-based mud systems. Due to 
the capillary phenomena, oil-based mud will not significantly penetrate into the formation. 
Water-based mud systems can also be optimized if the chemical-interaction mechanism between 
the mud filtrate and shale water is properly analyzed, and the resulting additional effects are 
adequately calculated. In some cases a high mud weight can be the reason for cohesion 
degradation, in which the rock strength weakens over time due to the formation dehydration 
effect. Therefore, mud formulation and mud weight optimization is a complex process which 
requires coupling the mechanical and chemical components in the wellbore-stability analysis.  
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When formation is exposed to various fluid types, the shale formation creates an 
additional pressure called “swelling pressure” that must be accounted for by the mud pressure. 
The knowledge of the osmotic pressure component would be helpful in understanding the fluid 
type and composition impact on the stress alteration at the wellbore. Once it is known, a variety 
of techniques can be used to eliminate or mitigate the influence of the swelling pressure on the 
drilling performance. According to Chen et al. (2001), the chemical effect due to the difference 
between the shale water activity and drilling fluid activity can be accepted as an equivalent 
hydraulic potential. A chemical modeling has been implemented in this study in order to estimate 
the impact of chemical phenomena on the alteration of hoop and axial stresses near the vicinity 
of the wellbore. 
The calculation of the osmotic pressure can be helpful in determining the chemical-
interaction impact on the stress alteration at the wellbore. Using equations in the literature (Chen 
et al., 2001; Fam and Dusseault, 1998) and equations provided in the class notes by Tutuncu 
(2012), the numerical equations for the osmotic pressure and its effect on the effective stresses 
acting at the borehole are formulated as follows: 
 
  
     
 
  
   
    
   
    
 
  
   
    
   
    
 
where   
 ,   
  and   
  are the alteration of radial, hoop and axial stresses due to the introduction of 
the osmotic pressure.   is the Biot’s coefficient, and   is Poisson’s ratio, which are stress-
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The osmotic potential acts in a similar way to the excess pore pressure and can be 
expressed by Equation 2.7 (Tutuncu, 2012): 
 
       
   
  
   
    
     
  
 
where    is a reflection coefficient which characterizes membrane efficiency.    is a 
dimensionless parameter and ranges from 0 to 1. R is the universal gas constant and equals 
8.314
 
      
.    is the absolute temperature, K.     is the molar volume of the water (   
        ).      and       are chemical activities of the drilling fluid and shale pore water 
respectively. The chemical activity of the fresh water equals 1, and the chemical activity of the 
salt water is less than 1.  
Adding Equation 2.6 to Equation 2.4 gives a coupled numerical model that considers 
both mechanical and chemical variations (Equation 2.8). 
 
 
        
 
                                        
    
   
     
 
                                  
    
   
     
 
           
 
                        
 
Typically, a reflection coefficient of water as well as chemical activities of drilling fluid 
and formation pore water is obtained from laboratory measurements. No chemical activity 
measurements were conducted in the Vaca Muerta Formation. Polymer-added WBM’s were 
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fluids needs to be analyzed for the Vaca Muerta Formation. The    for KCl/polymer muds in the 
field of study is anticipated to be approximately 0.80-0.96 while a range of may be used for the 
NaCl/polymer muds. To check the feasibility of these assumptions and to constrain values of the 
unknown parameters in Equation 2.7, a literature review was conducted.  
Mody and Hale (1993) evaluated the alteration of pore pressure in the Pierre shale 
(        ) due to the introduction of CaCl2, NaCl, and KCl drilling fluids. The    for these 
fluids ranged between 0.82-0.96. van Oort et al. (1996) reported experimental results on the 
Eocene shale for various drilling fluid types and reported that       of the Eocene shale was 
about 0.84 while the KCl/polymer fluid was 0.93 and the 25% CaCl2 fluid was about 0.73. 
Simpson and Dearing (2000) conducted laboratory experiments in quantifying the diffusion 
osmosis on the Oligocene shale cores that had a water activity of 0.91. The water activity of the 
introduced CaCl2 brine with a density of 1.23 g/cm
3
 (10.3 ppg) was 0.72.  
Zhang et al. (2004) conducted a new gravimetic swelling test for evaluating the shale and 
drilling fluid compatibility. Arco shale (          ) and Pierre I (           ) shale samples 
were used for this test. While the Pierre I shale is an outcrop sample, the Arco shale has been 
cored from the depth at about 12000 feet and was considered to be an acceptable analog for the 
Vaca Muerta Formation. Among the few types of the fluids introduced to the shales in this test, 
KCl and NaCl fluids are in particular interest in this research. The water activity of the KCl was 
obtained as 0.85, and for NaCl, 0.755. Another test on the Gulf of Mexico shale with mineralogy 
very similar to the field of study was conducted by Rojas et al. (2006). This shale consisted of 
the kaolinite and illite clays with the water activity of approximately 0.82.  
From the above discussions, we can constrain the assumptions for the input data in the 
chemical part of the numerical model (see Table 2.1).  
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Table 2.1 The Constrained Input Data for the Chemical Part of the Numerical Model 
 
Reflection coefficient  0.1  dimensionless  
Formation water activity  0.78-0.82  dimensionless  
NaCl water activity  0.75-0.80  dimensionless  
KCl water activity  0.92-0.96  dimensionless  
 
 
2.2.3 Temperature Alteration Effect 
Since drilling is a dynamic process, circulation of the “cold” mud into the well results in 
the stress alteration due to the rock temperature change. Using the formulation described by 
Aadnoy and Looyeh (2011), the thermal stress induced, due to fluid-caused temperature 
alterations, can be calculated using Equation 2.9 (Zoback, 2010): 
 
   
           
   
  
 
where   and E are the Poisson’s ratio and Young modulus, respectively. Both parameters are 
affected by in-situ stresses.      is a volumetric thermal expansion coefficient of rock matrix 
(°K
-1
). T is the circulation temperature (°K), and is virgin rock temperature (°K).  
By adding the stress alteration due to the thermal component, calculated from Equation 
2.9, into Equation 2.8, we obtain the total stress alteration in Equation 2.10. 
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   in Equation 2.9 is obtained using the temperature logs. A mathematical approach in 
determining the circulation temperature along the wellbore has been proposed by Edwardson et 
al. (1961). In the study by Kadyrov et al. (2011), the circulation temperature was estimated using 
a commercial software package provided by the cementing company. Since there were no cores 
available to conduct laboratory measurements to obtain the volumetric thermal expansion 
coefficients for various facies in the study field, these coefficients were utilized from the 
available literature (Wong and Brace, 1978). Wong and Brace (1978) performed experiments on 
several formations, including limestone and quartz, under high confining pressures (200-300 
MPa) to estimate the volumetric thermal expansion coefficients of these rocks. They found that 
the volumetric thermal expansion coefficient for the Oak Hall limestone was about 3.4   
0.09*10
-6
  C and 10.6*10-6  C for quartz. In addition, the volumetric thermal expansion 
coefficient for calcite was taken as 18*10
-6 
°C (Rosenholtz and Smith, 1961). These coefficients 
and 2.58*10
-6
 °C for the shale facies were utilized in this study to simulate the thermal stress 
alterations. 
 
2.2.4 Flow Induced Stress Effects 
Effects of flow-induced stresses have been captured in the modeling part of this study by 
utilizing Equation 2.11. This equation defines the stress alteration at the wellbore when a radial 
flow is introduced due to the overbalanced or underbalanced drilling. 
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where    
  ,   
  , and   
   are the stress changes due to the effects of the induced flow; b is the outer 
radius. 
At the wellbore when r=a, the Equation 2.11 can be reduced to Equation 2.12. 
 
  
      
 
  
         
    
   
         
 
  
         
    
   
         
 
where            
 
By adding stress changes due to the effects of the induced flow, the final stress alteration 
numerical model is represented in Equation 2.13: 
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2.2.5 Borehole Failure Criteria 
One of the main factors influencing the wellbore-stability analyses is the selection of a 
formation failure criterion. An appropriate failure criterion should be applied for representing the 
true in-situ failure conditions. The feasibility of the selected criteria can be verified from the field 
observations. Two main categories of rock failure criteria exist. The first category takes into 
account the effect of the intermediate principle stress (3D failure criterion). The second category 
considers only the minimum and maximum principle stresses. The most ubiquitous criterion 
representing the first category is the Mohr-Coulomb rock failure criterion. In the study conducted 
by Kadyrov and Tutuncu (2012), the outcomes from these two failure criteria were analyzed to 
select a criterion which would be appropriate for the West Kazakhstan Field.  A similar approach 
was followed in this study and the Mogi-Coulomb rock failure criterion was utilized to compare 
the two approaches. 
 
2.2.5.1   Mohr-Coulomb Failure Criterion  
As described by Al-Ajmi and Zimmerman (2006a), the shear strength linearly increases 
with the effective mean stress (    ) in the Mohr-Coulomb failure criterion. This trend inhibits 
the creation of a failure plane. When the value of the maximum shear stress (    ), developed 
on a specific plane, is enough to overcome the formation cohesion (C) and frictional force, 
compressional failure occurs. Therefore, the Mohr-Coulomb compressional failure depends only 
on two principal stresses, the maximum (  ) and minimum (  ) principal stresses. The Mohr-
Coulomb criterion can be described as: 
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The maximum shear stress in Equation 2.14 is expressed in Equation 2.15, and the 
effective mean stress is described in Equation 2.16. 
 
     




     




Then, considering pore pressure (  ), the numerical solution for the Mohr-Coulomb 
failure criterion can be expressed as follows (Islam et al., 2010): 
 
                              
 
Compressional failure occurs when F is less than or equal to zero.  
Even though the Mohr-Coulomb failure criterion is widely applied in geomechanical 
studies, several researchers emphasized that this criterion provides overpredicted results (Vernik 
and Zoback, 1992; Song and Haimson, 1997; Al-Ajmi and Zimmerman, 2006a).  
Therefore, we have also applied the Mogi-Coulomb failure criterion to assure the 
predictions were representative of the real in-situ conditions.  
 
2.2.5.2   Mogi-Coulomb Failure Criterion  
The Mogi-Coulomb failure criterion was used to model the brittle rock failure in our 
study using the equations published by Al-Ajmi and Zimmerman (2006a). This criterion 
considers all three principle stresses and can be expressed as follows: 
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where      is the octahedral shear stress; a and b are the Coulomb strength parameters. The 
octahedral shear stress and the Coulomb strength parameters are expressed in Equations 2.19, 
2.20, and 2.21 (Al-Ajmi and Zimmerman , 2006a). 
     
 
 
                               
 
  
   
 
         
 
  
   
 
          
 
If       or       the Mogi-Coulomb failure criterion is reduced to the Mohr-Coulomb 
failure criteria. In the polyaxial stress domain, the Mogi-Coulomb failure criterion results would 
be very close to the results from the 3D Mohr-Coulomb failure criterion. 
 
2.2.5.3   Tensile (Breakdown) Failure Criterion 
When the least compressive principle stress at the wellbore (     in Equation 2.5) 
exceeds the tensile strength of rock, the formation will fail in tensile mode. The criterion can be 
expressed as follows (Yu et al., 2001):  
 
           
 
where       is the effective minimum compressional principle stress at the wellbore;    is the 
tensile strength of formation. Tensile failure occurs when    . 
 
2.2.6 Analytical Solution  
An analytical Mogi-Coulomb solution for collapse and fracture pressures in vertical wells 
was utilized for the wellbore stability analysis discussed in this chapter (Al-Ajmi and 
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There are three cases which can occur at a vertical wellbore: 
            
 
            
 
            
 
Let’s name these cases as Case 1, Case 2, and Case 3. Equations 2.24, 2.25, and 2.26 
correspond to these cases respectively. Note that Equations 2.24, 2.25, and 2.26 describe 
wellbore breakout failure occurrence: 
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In Equations 2.32 and 2.33   and   are the rock cohesion and internal friction angle, 
respectively. An analytical solution for fracture pressure in a vertical wellbore for these three 
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Note that all pressure units in Equations 2.24 - 2.41 are in MPa. 
It is important to emphasize that physico-chemical interaction, temperature and flow-
induced stresses have been added to Equations 2.27, 2.28, 2.37, and 2.38 to consider the 
contributions of all three factors in calculations of the principle stresses at the wellbore.  
 
2.3 Core Measurement/Analysis Methodology 
 
As discussed earlier, the geomechanical rock properties are important input parameters in 
identifying a stress regime, also another key input parameter in wellbore stability analysis. The 
dynamic rock properties obtained from the log data needs to be converted to static properties for 
accurate representation of the rock deformation and failure using simultaneous measurements 
and ultrasonic velocities and deformation of the cores at in situ stress conditions. The log based 
measurements are in the kilohertz range while the loading conditions at the wellbore under the 
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moduli correlation for Vaca Muerta was established using the data collected from the 
simultaneous core measurements of the static and dynamic moduli at TerraTek measurements to 
establish the correlation. The use of experimental data from core plugs of the Vaca Muerta 
Formation refined the input data quality for wellbore stability predictive modeling, improved the 
accuracy of the analysis, and reduced the uncertainties in the prediction of the rock properties at 
various intervals.    
The main outcome of the core measurements and analysis is a correlation between static 
and dynamic moduli of the Vaca Muerta Formation. The Young’s modulus, Poisson’s ratio, 
UCS, friction angle, and tensile strength were measured under triaxial in-situ stress conditions. 
The correlation of the static measurements and ultrasonic velocity measurements enabled 
improved use of sonic log data for rock property and strength determination. As stated by 
Tutuncu and Sharma (1992), the Young’s modulus obtained from ultrasonic laboratory 
measurement can be 1-6 times higher than the Young’s modulus under static conditions with the 
same stress conditions in a tight sand formation, and could show by at least one order of 
magnitude difference in shale formations (Tutuncu et al., 2010). A comparison of these two 
Young’s Moduli with the log derived moduli (~20 KHz) indicates that in tight gas sandstone 
core samples, Eultrasonic > Esonic > Estatic (Tutuncu and Sharma, 1992). There is an assumption that 
at high overburden stresses values of static and dynamic Young’s modulus approaches to each 
other due to crack closures in tight sandstones (Tutuncu and Sharma, 1992).  
It is well-known that in addition to the core measurement procedure, several other 
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2.3.1 Sample Diameter and Length to Diameter Ratio 
Core plugs with a diameter ranging from 1-2” are acceptable for mechanical testing. It is 
also recommended to conduct laboratory measurements on samples with L:D ratio 2 or higher, 
(Soroush and Buffin, 2009). However, if the L:D ratio is smaller than 2, it is possible to derive a 
relationship between the static modulus and the sample length. The acceptable function relating 
the static moduli and tight sand core sample length was obtained by Tutuncu and Sharma (1992). 
Another, equation which may work for this relationship follows (Soroush  and Buffin, 2009). 
UCScorrected = UCSmeasured /[ 0.25*(D/Lp) +0.875], 
where Lp is plug length in mm, and D is plug diameter in mm.  
 
2.3.2 Mineralogy and Porosity 
Rock strength directly depends on the strength of the sample mineral compositions.  As a 
result, higher quartz content increases the rock strength, and higher clay composition softens the 
rock. Also, the clay type and content have a strong influence on clay swelling, a critical 
parameter for wellbore stability models. Therefore, XRD analyses are incorporated on the core 
sample selection from the Vaca Muerta field to include a range of variations for investigation. 
Rock strength decreases with increases in porosity. Therefore, the initial and stress dependent 
porosity of the measured core samples are simultaneously monitored. 
 
2.3.3 Grain Size and Grain Contacts  
According to Soroush and Buffin (2009), fine-grained rocks are stronger than coarse-
grained rocks with the same type and level of cementation due to the increase of the effective 
contact surface with decreasing grain size. The effect of the stress on velocities and attenuations 
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of grain contacts is small. As a result, the stiffness of the rock at small stresses is less than the 
rock stiffness at higher stress values. However, at large stresses, the gap stiffness becomes 
negligible compared to the compaction of the grains, and the static and dynamic moduli are close 
to each other. Therefore, it is critical to perform laboratory measurements at stress values close 
to the true in-situ Vaca Muerta field stress state.  
 
2.3.4 Anisotropy 
The direction of anisotropy such as beddings, weak planes and fractures with respect to 
loading axis is one of the factors controlling the rock strength (Tutuncu, 2012; Mese and 
Tutuncu, 2011; Mese and Tutuncu, 2011; Soroush and Buffin, 2009). Therefore, it is critical to 
incorporate anisotropic features in the core and field data analysis. CT imaging is performed on 
the core samples from the Vaca Muerta field to check the intact sample features prior to and after 
the geomechanics measurements. Prior to testing, CT images of the laboratory samples were 
obtained (pre-test), for assurance of the sample quality. CT-images of the mode of failure (post-






Figure 2.2 CT-Scanner Images for a pre-test and post test of PPL1-2 sample  
(3095.68m depth) (Almeida, 2012). 
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CHAPTER 3 
WELLBORE INSTABILITIES DIAGNOSTICS 
Problem diagnostics is a crucial part of any wellbore-stability analysis. Drilling data from 
thirteen wells was analyzed, with emphasis on the recently drilled LJE-1010. The wellbore 
stability analysis began with the compilation of the data from multiple public and private 
proprietary sources from the UNGI consortium to define instability issues and to select the major 
zones to be analyzed. Recently drilled wells encountered severe drilling issues, which makes a 
rigorous wellbore-stability analysis very important in the drilling programs for future wells for 
the field development. The following sections describe details of the problem diagnostic 
procedure.  
 
3.1 Drilling Events Analysis 
The first step in wellbore stability problem diagnostics was to confirm the existence of 
those problems. One of the techniques to find out unstable intervals is drilling event analysis. 
The main objective of the drilling events analysis was to characterize events according to their 
severity and frequency, to generate the risk forecasts of horizontal wells targeting the Vaca 
Muerta Formation. In order to organize drilling information for all wells and understand the 
problems that occurred during drilling. As a result, it was helpful to calibrate the geomechanical 
model using this information.  
In the Figures 3.1-3.7 the graphical summaries of the drilling events analysis are shown. 
Events are displayed according to the following classification: 
1. Gas, Oil Influxes or Kicks (   ): an event related to gas, oil or formation water flow 
into wellbore, decreasing the density of mud  
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2. Lost circulation (    /    ): an event related to partial or total lost of mud during drilling. 
3. Stuck Pipe (   ): refers to the varying degrees of inability to move or remove 
the drillstring from the wellbore. 
4. Tight Hole (   ): refers to a section of a wellbore, usually openhole, where larger 
diameter components of the drillstring may experience resistance when 
the driller attempts to pull them through these sections. 
5. FIT (     Formation Integrity Test): a test which is typically used for testing strength of 
formation and shoe by increasing Bottom Hole Pressure (BHP) to designed pressure.  
6. LOT (     Leak Off Test): a test that conducted in order to find the fracture pressure 
(fracture gradient) of formation and shoe. 
7. Abnormal Cuttings (    ): an event related to rock fragments (cavings) in abnormal 
amounts and/or different morphology from the cuttings resulting from the normal 
drilling. 
The figures are shown in the same format for all wells (see Figures 3.1-3.7). 
In the first track, the wellbore design of the pilot hole and the lateral section are shown. 
The second shows stratigraphic columns. The third track corresponds to the density of mud 
(green color for pilot and orange for lateral sections). On the same track, the color code indicates 
shapes according to previously described drilling events. The fourth track shows the type of 
drilling mud. 
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Figure 3.1 Drilling events map for LJE-1003P and LJE-1003H. 
Figure 3.2 Drilling events map for LJE-1004P and LJE-1004H. 
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Figure 3.3 Drilling events map for LJE-1005H. 
Figure 3.4 Drilling events map for LJE-1006P and LJE-1006H. 
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Figure 3.6 Drilling events map for LJE-1008H. 
Figure 3.5 Drilling events map for LJE-1007H. 
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A lateral variability was assessed and event analyses of all drilled wells were correlated 
in order to detect events that could serve to calibrate the model. Drilling events analysis 
described below: 
- The pilot section of the LJE-1003 and its horizontal section have not experienced 
systematic instabilities during drilling, only a tight hole and a slight tendency to pipe sticking, 
which were normalized with routine maneuvers. The event named as gas influx, is associated 
with an increase in the gas reading, which was normalized by keeping the mud circulation. 
- Analysis of the LJE-1004 shows that the well showed a tendency to differential sticking 
in the first 1000 meters and it has been normalized with pipe movement and rotation operations. 
Gas kicks in the pilot section correspond to increases in gas reading, which was normalized with 
increasing mud density. The most severe event corresponds to the pilot section that a logging 
Figure 3.7 Drilling events map for LJE-1009H. 
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tool got stuck and 6 days were spent fishing the tool.  The most severe event experienced by the 
horizontal section was related to the unexpectedly high pore pressure occurred at 3020m (Upper 
Vaca Muerta), where abnormal cuttings were reported. To solve this situation, the mud weight 
was increased from 1.19 g/cm
3
 to 1.22 g/cm
3
 and circulated to normalize density. 
- The LJE-1005h well experienced various events of tight hole, torque and drag while 
drilling the horizontal section (Tordillo Formation). Other problematic events were not reported. 
- In the case of LJE-1006 and LJE-1006h wells, all events reported correspond to the 
pilot section. The same events including a tight hole during tripping were fixed with rotation and 
movement of pipe. A logging tool got stuck at 3080m and 3303m. However, it reached target 
depth and performed a complete logging of the section (3080m, 2470m). 
- The LJE-1007h encountered many instability events in the current area of interest. The 
most problematic interval was developed in the Lower Quintuco and the top of the Tordillo 
Formation. Events related to the pore pressure, are described as increased gas readings and are 
adjusted by densifying and circulating. The events became more severe when the well reached 
3304m and gas influx had been detected in a flow-check. It was mitigated by closed circulation 
pits and subsequent burning of gas to densify and then circulate back. The well has encountered 
evident mud losses at the top of the Vaca Muerta and the top of Tordillo Formations. The 
situation was controlled by the addition of sealing material. 
- In the LJE-1008H well, cuttings and partial losses at the top of the well were reported 
and a torque in the 2400m - 2250m section was registered. Maneuvering pipe movement and 
intensive removal of cuttings helped solve the torque problem. 
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- The LJE-1009H well presented tight hole events at the top, and it was mitigated by a 
drillstring rotation. Hydrocarbon influx due to the high pore pressure was observed during the 
flow-check, and was the only event reported in the Tordillo Formation. 
Based on the information obtained from the vertical wildcat exploration wells, several 
horizontal and inclined wells have been drilled with a long-term production purpose. Most of 
those horizontal and inclined wells experienced severe wellbore-stability issues in drilling and 
completion stages while a few of these wells were completed without any wellbore-stability 
related challenges. The wellbore-stability analysis conducted by one of the service companies 
did not have a consistent agreement between the recommended mud weight (MW) and the field 
observations. The reason for this disparity can be attributed to the following:  
- the lack of provided information  
- time restriction  
- linear elastic assumption used for the formation instead of the realistic representation of 
the formation using a anisotropic poro-elastic rock behavior  
- insufficient geological knowledge of the area  
From the drilling event analysis, it can be confirmed that PlusPetrol is still facing 
problems with drilling wells and wellbore instabilities prevention. It can be solved with 
improved drilling practices and better training for drilling crew. However, this study is 
conducted to propose the critical mud weight for determined geomechanical and in-situ 
properties of the formation of interest. The mud weights used in all wells at LJE block are shown 
in Figure 3.8. On the right side of the figure, the zoom inset for the interval of interest (Quintuco-
Vaca Muerta-Tordillo), which corresponds to the scattered mud weights section.  It is evident 
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that company is still improving their learning curve for suitable mud weight ranges for the 
interval of interest.  
 
 
Figure 3.8 Mud weights used in all the wells at LJE block. 
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One of the most efficient tools that can help in identifying the key factors for the failure 
mechanism is an Annular-Pressure-While-Drilling sensor (APWD). The APWD is located at the 
drilling bottom hole assembly (BHA) and provides the value of the annular pressure in terms of 
the equivalent static density (ESD) or equivalent circulation density (ECD). Analysis of ESD and 
ECD data acquired using this tool can help in determining poor drilling practices such as 
insufficient hole cleaning and/or high surge and swab pressures. Sometimes, only a stabilization 
of the ECD during drilling (e.g. improved hole cleaning) and tripping (e.g. control of swab and 
surge pressures) can result in solving wellbore-failure occurrences. Unfortunately, APWD has 
not been used yet in this field of our study. Therefore, it is difficult to state if excessive swab and 
surge pressures were the reasons for the wellbore failures. The use of an APWD in the 
directional BHA during drilling wells in the future is under consideration and could be the 
subject of future research.  
 
3.2 LJE-1010 Well Diagnostics 
A previously described problem-diagnostic methodology has been applied to LJE-1010 
vertical well in the Vaca Muerta Formation in order to narrow down and to identify the intervals 
and the factors affecting the wellbore stability. A detailed investigation was carried out and well-
logging data was carefully analyzed to diagnose the troubles encountered at LJE-1010 well 
during the drilling from the measured depth (MD) of 2750 to the total measured depth (TMD) of 
3199 m. The key operational data investigated for this analysis were the number of days spent on 
drilling, MD, total vertical depth (TVD), MW, ECD, borehole inclination and azimuth, lithology 
and operational comments. The integration of all the data made the diagnostic process faster and 
more flexible. The key aims of this diagnosis are to identify the formation(s) and lithology that 
complicate drilling operations and to estimate the non-productive time (NPT) due to the wellbore 
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stability if there is any NPT that can be eliminated. Also, the MW and ECD have been evaluated 
to find the influence of these parameters on wellbore-stability issues during the directional 
drilling of wells in the future. The drilling progress chart for Well LJE-1010 is illustrated in 
Figure 3.9. 
It can be noticed in Figure 3.9 that the deviation between planned and actual curves starts 
at about 2975m at the Lower Quintuco, where a tight hole was encountered with breakout depths 
of up to 2 inches. Additionally, the drillstring got stuck at 3097 m (Lower Vaca Muerta), where 
breakouts depths were up to 1.5 inches. As a result, the actual drilling time was one day longer 
than the planned one. It is still an acceptable delay in the drilling progress; however, any delays 
caused by hole enlargements are considered as wellbore instabilities. Therefore, the exact 
collapse pressure should be constrained and a rigorous wellbore-stability analysis needed to be 
conducted for these particular cases. These two events are taken as two unstable wellbore cases 
for the numerical model. The derived 1D Mechanical Earth Model has been calibrated using the 
obtained drilling information for the LJE-1010 well.  
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Figure 3.9 The drilling progress chart shows 1 day deviation from the planned drilling time. 
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CHAPTER 4 
INPUT PARAMETERS FOR GEOMECHANICAL EARTH AND NUMERICAL MODELS 
1D geomechanical earth models are important part of wellbore-stability analysis. The 
same parameters used for constraining earth models are used in the numerical model. A list of 
the input parameters is provided below. 
- Overburden stress  
- Pore pressure  
- Bottom hole pressure and equivalent circulation pressure  
- Biot’s coefficient  
- Static Poisson’s ratio  
- Static Young’s modulus  
- Uniaxial compressive strength of the formation  
- Tensile strength of the formation  
- Friction angle or friction coefficient  
- Orientations of the principle horizontal stresses  
- Magnitudes of the principle in-situ stresses  
Methodologies used to obtain the input data and results are described in the subsequent 
sections. 
4.1   Overburden Stress 
The overburden is defined as the pressure exerted by the lithostatic column at a given 
depth and in the terms of a 1D geomechanical model corresponds to the vertical stress, one of the 
principal stresses. The overburden stress is generated by direct integration of the bulk density. 
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The density log typically recorded only in deeper intervals. In such case, a synthetic log is built 
and constrained using the indicative trends observed in the available section and or in a nearby 
offset well if the density log is not collected. Even though the overburden stress is a direct 
function of a measured bulk density log, it is necessary to take into account that the bulk density 
value can be affected by near-wellbore washouts, adverse water-shale interactions that will result 
inaccurate measurements of the bulk density values. According to van Oort et al. (2001), “stress 
arching” effect can cause the difference between the calculated overburden stress and the actual 
one. In this study, due to small values of dip angles and the early stages of the production with 
no depletion effect encountered at the time, “stress arching” effect is not considered. In terms of 
1D geomechanical model overburden corresponds to the vertical stress and it is taken as one of 
the principal stresses. Density logs are available for all wells, and overburden stress is obtained 
from the integral equation of RHOB with respect to the depth: 
 
        
   
   
                                                                                                                                               
 
The overburden stress determined using bulk density is shown in Figure 4.1.  
 
4.2 Pore Pressure 
Pore pressure is an important input parameter to determine the in-situ stress state 
(Tutuncu et al., 2006). In general, pore pressure is one of the critical parameters for successful 
drilling operations, reservoir characterization, and production optimization. In the shale 
formations of our study, pore pressure prediction is a challenging task. Therefore, most of the 
reliable  pore  pressure data in the Vaca  Muerta  Formation  is  obtained  in productive  reservoir  
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 Figure 4.1 The overburden stress for the LJE-1010 well. Tracks correspond to the 
bulk density in g/cm
3
 and the calculation of the overburden in units of equivalent 
mud weight Obmw_1 (g/cm
3
), and pressure SigV_1 (psi). 
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intervals from pore pressure measurements utilizing the wireline tools. Data from well testing 
analysis can also be an important source in pore pressure determination. However, in order to 
solve wellbore-stability problems encountered during drilling vertical and horizontal wells in the 
field, it is critical first to determine pore pressure not only in the productive intervals, but also in 
the overburden intervals for the proposed wellpath profile. According to previously explained 
drilling events analysis, most of the wells penetrated through the Lower Vaca Muerta Formation 
contained abnormally high pressure zones. The normal trend (Eaton) method is commonly used 
in the oil industry to predict pore pressure. Several other pore pressure prediction methods are 
also used in the oil industry, yet most of them including Eaton method, are derived based on the 
Gulf of the Mexico, Gulf Coast and North Sea fields data. Since the Vaca Muerta field is not 
located close to these fields, there are not readily and quickly applicable methods to predict the 
pore pressure in the study field. Moreover, the evaluation of pore pressure in the shale 
formations is determined by indirect methods. Eaton’s pore pressure method was tested in Well 
LJE-1010 by PlusPetrol. According to the operator, the area of the LJE block used in this study 
has an average pore pressure gradient of 0.75psi/ft. Therefore, the predicted pore pressure 
gradient from the company was used in this study. It was evident that plotting Eaton’s pore 
pressure method gave an acceptable estimation and confirmed with the field observations. The 
results are shown in the 1D MEM.  
 
4.3 Bottom-Hole Pressure  
Four bottom-hole-pressure scenarios have been considered in this section: hydrostatic 
bottom-hole pressure, surge pressure, swab pressure, and circulation pressure. Evaluating 
magnitudes of these pressure data provide us some constraint of the horizontal stress magnitudes 
utilizing wellbore breakouts and tensile failures.  
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4.3.1 Hydrostatic Bottom-Hole Pressure 
Hydrostatic bottom-hole pressure was directly calculated by integrating the drilling fluid 
density. Besides considering the mud density variation due to hydrostatic pressure, it is important 
to compare the hydrostatic pressure calculated with the ECD and surge/swab pressures. Surge 
and swab pressures were calculated using the “steady-state” laminar flow and concentric 
wellbore assumptions for power-law fluids (Bourgoyne et al., 1986) and were compared to the 
hydrostatic and circulation pressures.  
4.3.2 Equivalent Circulation Density (ECD) 
Typically, circulating mud pressure is shown in terms of ECD. In this study ECD was 
obtained from daily mud reports. The mud service company uses Modified Power Law in their 
modeling of the mud pressure and ECD. Since the highest ECD is expected to be during 
cementing operations, cementing ECD was also directly obtained from the end-of-cementing 
reports. The cement company used different rheological models in ECD calculations based on 
whether the fluid in the well was spacer, the drilling mud, or cement.  
4.4 Formation Geomechanical Properties 
Using the concept of elastic modulus equations described by Clark (1966), the dynamic 
shear modulus, bulk modulus along with the dynamic Young modulus and Poisson’s ratio have 
been calculated. The required mechanical properties are: 
- Young’s Modulus 
- Poisson’s Ratio 
- Biot’s Coefficient 
- Unconfined Compressive Strength (UCS) 
- Tensile strength 
 
    53  
- Friction Angle 
              
    
     
 
  
   
          
    




          
     





     
     
   
     
    




            






                    Dynamic Shear Modulus, Mpsi   
Kb
dyn
                   Dynamic Bulk Modulus, Mpsi 
Edyn                     Dynamic Young’s Modulus, Mpsi    
vdyn                      Dynamic Poisson’s Ratio            
RHOB                 Formation Density, g/cm
3
 
DTCO                 Compressional Wave Transit Time, µs/ft 
DTSM                 Shear Wave Transit Time, µs/ft 
            
The calculated properties were checked through the quality control (QC) process by 
measuring the same rock properties in laboratory conditions with the available core samples. 
After QC processing, the calculated data was used in the wellbore stability models. Sonic 
Scanner measurements were provided by PlusPetrol, and these measurements supply 
compressional, fast shear, slow shear, and Stoneley wave slowness in the formations. The 
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geomechanical interpretation of homogeneous isotropic material, and sophisticated 
geomechanical interpretation of inhomogeneous anisotropic materials. Stresses and rock 
properties have been derived using isotropic as well as direction dependent (vertical and 
horizontal, e.g., anisotropic). This is accomplished through the improved monopole, cross-dipole 
transmitter technology, and advanced geomechanics calculations.  
 
4.4.1 Core Analysis 
Two types of anisotropy have been observed in shale reservoirs and their overlying and 
underlying seal formations. These are intrinsic anisotropy and induced anisotropy (Tutuncu, 
2012). These anisotropies impact significantly the geomechanical properties of the formations 
that have been investigated in this study. Intrinsic anisotropy depends on a lamination level of 
rock and pore-space orientations between the layers.  Therefore, core analysis is very important 
for intrinsic anisotropy. It is also very useful for calibrating the log derived analysis of the 
formation anisotropy. Six sets of directional cores were plugged (vertical, horizontal, and 45°). A 
list of core measurements conducted at TerraTek laboratory using the core samples from LJE-
1010 well are as follows: 
- CT images of core samples 
- XRD analyses 
- Multistress anisotropy measurements 
- Geomechanical Testing 
- Triaxial 
- Uniaxial Strain 
- Hydrostatic 
- Unconfined Compression Measurements 
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878-4 Yellow PPL1-1 3095.68 3099.51 2.446 3953 10020 1.87E+06 0.187 9.95E+05 7.89E+05 
878-5 Red PPL2-1 3098.82 3102.41 2.409 17831 20652 2.85E+06 0.207 1.62E+06 1.18E+06 
878-3 Green PPL3-2 3103.9 3107.59 2.291 12918 13992 1.59E+06 0.196 8.72E+05 6.65E+05 
878-2 L.Blue PPL4-1 3105.33 3108.96 2.360 14870 16168 2.01E+06 0.2 1.11E+06 8.37E+05 
878-6 Brown PPL5-1 3110.09 3113.68 2.453 21626 21862 2.60E+06 0.178 1.35E+06 1.11E+06 


































878-4 Yellow PPL1-1 3095.68 3099.51 2.446 27.3 69.08 12.9 0.187 6.86 5.44 
878-5 Red PPL2-1 3098.82 3102.41 2.409 123 142.4 19.7 0.207 11.2 8.14 
878-3 Green PPL3-2 3103.9 3107.59 2.291 89.1 96.5 11 0.196 6.01 4.58 
878-2 L.Blue PPL4-1 3105.33 3108.96 2.360 102.5 111.5 13.9 0.2 7.65 5.77 
878-6 Brown PPL5-1 3110.09 3113.68 2.453 149.1 150.7 17.9 0.178 9.31 7.65 
878-8 Purple PPL6-2 3111.58 3155.21 2.550 113 113.6 21.4 0.154 10.3 9.31 
 
 
4.4.2 Dynamic to Static Correlations 
Formation static moduli are the most important parameters for the determination of 
critical pressures to prevent breakouts and wellbore fracturing. Static elastic moduli are preferred 
over moduli obtained using dynamic approaches (Eissa and Kazi, 1988). This preference is based 
on the theory of the pseudo-static behavior of the rock. Therefore, many studies were conducted 
to correlate these two moduli. Dynamic to static correlation results from the available core data 
were utilized to calibrate the log derived data.   
In the study conducted by Willis (2014), using the core data from the LJE-1010, separate 
correlations for the horizontal and vertical Young’s modulus were calculated using the Equation 
4.3 (Figure 4.2).  
 
Table 4.1 Unconfined compression measurements data for LJE-1010 in field (top rows) and SI 
units (bottom rows) 
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The following dynamic to static correlations were determined for Young’s modulus: 
         
                                                                                                                                     
         
                                                                                                                                     
The R
2
 values for these two correlations provide relatively good matches, especially the 
correlation for the vertical Young’s modulus in spite of a lower confidence interval. This method 

















Figure 4.2 Dynamic to Static correlations for Young’s modulus from Vaca Muerta core 
data (from Willis, 2014). Different correlations for the horizontal (green) and vertical 
(blue) Young’s modulus were determined using Equation 4.3. 
 
















Correlations between dynamic and static Poisson’s ratio are not as evident. Moreover, 
finding a correlation between these two is a challenging task due to the typically lower resolution 
of lateral deformation measurements in calculating the radial strains. Experimental studies have 
shown that the difference between the dynamic and static Poisson’s ratio are not significant 
(Tutuncu and Sharma, 1992). Therefore, most models simply utilize the dynamic Poisson’s ratio 
as being equal to the static value. Tutuncu (2010) suggests static Poisson’s ratio to be 95% of the 
dynamic moduli. All the results are shown on Figure 4.13. 
 
 
Figure 4.3 Comparison of lab measured static Young’s modulus values to those calculated 
using the log-linear method (Equations 4.4 and 4.5) utilizing the laboratory measured static 
and dynamic Young’s moduli (from Willis, 2014). 
 
    58  
4.4.3 Uniaxial Compressive Strength (UCS) and Tensile Strength 
The rock strength parameters can be calculated in terms of the uniaxial (or unconfined) 
compressive strength. Typically, this parameter is obtained from laboratory core measurements 
under uniaxial loading stress conditions. TerraTek provided us with UCS measurements data 
(Tables 4.1 and 4.2). Then, the obtained UCS was compared to empirical correlation values.  The 
UCS from the empirical correlations was calculated using the Coates and Denoo equation 
(Papanastasiou, 2006):  
                  
   
      
 
where the clay content Vsh was determined using lithology information from Figure 4.18.  
According to PlusPetrol, Coates and Denoo equation provides an acceptable range of 
values that match to the laboratory and field observations in the Vaca Muerta Formation. Yet, 1D 
MEM as shown in Figure 4.17 indicates that two UCS data points out of six do not match the 
calculated data from the empirical equation. It is evident that due to their complexity, empirical 
correlation uses need to be with great care in shale formations as there is typically no perfect 
matches obtained. Using available core data from the Vaca Muerta and several analogous 
formations, a new correlation for UCS determination in shale formations can be developed. 
However, the confining pressure used to obtain laboratory measurements do not represent real 
in-situ conditions. Therefore, true-triaxial measurements are planned to be performed on Vaca 
Muerta cores in the future studies. In this study, the UCS for PPL1-1 core perfectly correlates 
with the calculated data as shown in 1D MEM and Table 1. As it was mentioned in Chapter 2, a 
stuck pipe event occurred at 3097.5 m is taken as one of the unstable cases to use for calibration 
of the numerical model. In order to incorporate a core data in the numerical model, PPL1-1 core 
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Tensile strength of rock is one of the key parameters in calculating and constraining the 
minimum and maximum horizontal stresses. To obtain a reliable tensile strength value, Brazilian 
laboratory measurements were conducted and utilized to calibrate tensile strength in MEM. For 
intervals with no core measurement data, the tensile strength is estimated at 10-12% of the UCS 
















This approach might be somewhat misleading considering that tensile strength is 
typically impacted by the lithology type, compaction level, lamination orientation, and presence 
of microcracks (Hobbs, 1964).  
Figure 4.4 Log-derived UCS (Coates and Denoo) and tensile strength (10% of UCS) of 
the formations in for LJE-1010 well. 
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4.4.4 Angle of Internal Friction and Friction Coefficient 
Even weak formations can have a high friction angle (Zoback, 2010), and the most 
suitable approach is to obtaining the friction angle is when a uniaxial compressive strength test is 
conducted. In this study, internal friction angle was obtained using empirical correlations 
published in the literature. Zoback (2010) reported the empirical correlations for shales 
(Equation 4.7) and shaly sedimentary formations (Equation 4.8) as follows, 
                                                                                                                                                 
        
         
  
                                                                                                                                                                   
where internal friction angle (Φ) is in degrees, and gamma ray (GR) is in gAPI. In the intervals 
where the volume of clay is greater than 15 %, Equation 4.7 was utilized.  
Knowing the value of the internal friction angle, it is possible to obtain friction 
coefficient using Equation 4.9: 
   
      
      
                                                                                                                                                 
Internal friction angles for cores from uniaxial compressive strength tests have been 
measured with a protractor. The results have been used in 1D MEM. 
 
4.5 Biot’s Coefficient  
Biot’s coefficient, which is a stress dependent parameter, was used in the numerical 
wellbore-stability model. Biot's coefficient (ranging from zero to one) describes the ability of the 
pore pressure to counteract the outward stresses on the rock. Biot's coefficient helps determining 
the effect of pore pressure on the effective stresses and is a function of the dry rock stiffness 
tensor and the pure mineral bulk modulus. If the dry rock stiffnesses are near the pure mineral 
bulk modulus, then Biot's coefficient will approach zero and the pore pressure will not have any 
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impact on the effective stress. The effective stress controls both the elastic properties and the 
fracture properties. Therefore, accurate determination of Biot's coefficients is of critical 
importance in all geomechanical measurements, modeling and field studies. Vertical and 
horizontal Biot’s coefficients were calculated using the rock stiffness tensor and the mineral bulk 
modulus was estimated by assuming a Voigt-Reuss-Hill (VRH) effective medium for the pure 
grain moduli. The VRH model was chosen based on simplicity and commonality. A popular 
application of this model is to estimate the pure mineral properties in a mixed mineralogy 
system. The following equations describe vertical and horizontal Biot’s coefficients 
determination (Al-Tahini and Abousleiman, 2010):  
             
           
   
                                                                                                              
               
           
   
                                                                                                          
where,    ,    ,     and     are stiffness tensor coefficients and    is the solid material bulk 
modulus. The Voigt-Reuss-Hill medium is an average of the stiffest and softest possible material 
arrangement and is given by Hill (1965): 
        
     
 
                                                                                                                                
        
 
   







   
                                                                                                    
where,     is a volume fraction and    is a bulk modulus for each mineral. Bulk moduli for the 
minerals used are listed in Table 4.2 that were obtained from by Mavko et al (2009). Instead of 
the Illite bulk modulus provided by Mavko (K= 25GPa), a bulk modulus of 10GPa was 
considered (Havens, 2011). The new value is based on hydrated clay measurements performed 
by Bathija (2009) that showed a significant decrease in bulk modulus with clay hydration. 
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Using Equations 4.14 to 4.17, the oriented core data for Young’s modulus and Poisson’s 
ratio were obtained to determine the stiffness tensor for each core set (Suarez-Rivera et al., 
2011).  






    
     
                                                                                                                                  
    
  
      
    
     
                                                                                                                                    
     
  
         
     
                                                                                                                                






     
     
                                                                                                                                
where, 
         
   
    










    
   
                                                                           
The geomechanical properties obtained using this procedure is listed in Table 4.4. 
The information described above allows the calculation of Biot's coefficients along the 
wellbore. Figure 4.5 has the vertical and horizontal Biot's coefficients calculated with the dry 
rock stiffness tensor and equations 4.10 and 4.11. The values for all formations were below one 
and ranged from 0.04-0.72 over the unit of interest (Figure 4.5).  
 
 
Mineral name Quartz Dolomite Calcite Feldspar 
Mica 
/Illite 
Pyrite Chlorite Kaolinite 
K, Bulk 
modulus, GPa 
36.5 94.9 70.5 37.5 10 142.5 87 1.5 
Table 4.2 Bulk moduli for different minerals LJE-1010 well   
 







































Biot's Coefficient (n/a) 
Alpha (V) 
Alpha (h) 














Quartz Dolomite Calcite Feldspar 
Mica 
/Illite 





PPL1 3099.51 2.466 0.34 0.00 0.24 0.12 0.20 0.05 0.00 0.03 0.98 35.8 5.200 
PPL2 3102.41 2.423 0.27 0.00 0.33 0.13 0.20 0.04 0.00 0.02 0.99 37.0 5.366 
PPL3 3107.59 2.280 0.22 0.00 0.54 0.06 0.13 0.02 0.00 0.02 0.99 44.6 6.464 
PPL4 3108.96 2.367 0.34 0.00 0.21 0.14 0.20 0.00 0.05 0.03 0.97 26.6 3.857 
PPL5 3113.68 2.423 0.25 0.00 0.20 0.12 0.30 0.00 0.08 0.03 0.98 22.7 3.299 







                                                           
m g/cm
3
 Mpsi Mpsi v/v v/v Mpsi Mpsi Mpsi Mpsi   
PPL1 3099.51 2.466 3.648 4.610 0.216 0.253 5.419 1.796 1.557 4.265 0.53 0.44 
PPL2 3102.41 2.423 3.063 4.880 0.233 0.302 6.228 2.649 2.068 3.889 0.50 0.32 
PPL3 3107.59 2.280 2.160 3.397 0.225 0.316 4.345 1.868 1.398 2.702 0.72 0.61 
PPL4 3108.96 2.367 2.613 4.237 0.230 0.279 5.266 2.101 1.694 3.276 0.42 0.22 
PPL5 3113.68 2.423 3.118 3.810 0.211 0.273 4.521 1.565 1.284 3.621 0.37 0.26 
PPL6 3115.21 2.570 4.186 6.226 0.226 0.289 7.717 3.048 2.433 5.146 0.27 0.04 
 
Table 4.3 Mineral volume fraction and calculated rock bulk modulus (Voigt-Reuss-Hill) for LJE-1010 cores 




The vertical shear moduli, C44 and C55 are very close in values. If these values are 
substantially different, the material may contain anisotropy in the vertical direction, potentially 
due to natural fractures. In which case both VTI and HTI will apply, making material more 
orthotropic. 
4.6 Orientation of Principle Horizontal Stresses 
One of the important factors affecting the wellbore failure criteria in vertical wells is an 
orientation of the principle horizontal stresses (Barton et al., 1997).  According to Barton et al. 
(1997), breakouts will be observed if the hoop stress is most compressive at the direction of the 
minimum horizontal stress and when the stress concentration overwhelms the rock strength. By 
contrast, the circumferential stress has the least compression at the orientation of the maximum 
principle horizontal stress, which causes the drilling-induced fractures. Therefore, the orientation 
 
Figure 4.6 FMI and caliper logs with breakouts at the interval of 3060-3090 m.  
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of the wellbore breakouts and tensile fractures is the distinct indication of the horizontal stress 
azimuths. This approach was utilized using the available FMI log data for LJE-1010 well. The 
interpreted interval ranges between 2730-3190 m. The FMI log was scanned for visible drilling 




The majority of the drilling-induced fractures and breakouts concentrated between 3030m 
– 3090m. It can be observed from the rosette diagram (Figure 4.8) that the orientation of drilling-
induced fractures is 70-250° and the orientation of breakouts is 160-340°.  Wellbore breakouts 
correlate with the caliper log readings (Figure 4.6). 
The direction of maximum horizontal stress changes from E-W (for overlying Barda 
Figure 4.7 FMI log with drilling-induced  
tensile fractures at the interval of 3100-3130m.   
Figure 4.8 Rosette Diagram for Quintuco  
and Vaca Muerta Formations, n=76.   
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Negra and Punta Rosada formations) to NNE-SSW (Quintuco-Vaca Muerta). The breakouts in 
Quintuco and Vaca Muerta could be affected by the planes of weakness that may be present in 
near faults and in group of fractures. Since the FMI log is based on resistivity, there are some 
indications of horizontally-layered natural fractures with dip angle 5-8°.  
 
4.7 Magnitudes of Principle Horizontal Stresses 
Magnitudes of the minimum horizontal stresses are among the essential parameters in the 
determination of a stress regime. The most accurate value of the minimum horizontal stress 
corresponds to the fracture closure pressure during the Extended Leak-off Tests (XLOT) 
(Tutuncu, 2012). Since there is no available XLOT data in the Vaca Muerta Formation, 
calculated magnitudes of principle horizontal stresses were not compared and calibrated.  
However, Mini-Fall Off test data was utilized for partial calibration. Unlike the reference wells 
(where the isotropic poroelastic model was used for the calculation of the horizontal stresses), 
the anisotropic poroelastic model was applied for LJE-1010 (Higgins and Bratton, 2008). In the 
following subsections, isotropic and anisotropic poroelastic models and their comparisons are 
described. 
 
4.7.1 Isotropic Poroelastic Behavior 
The Eaton method has been utilized to calculate the extended fracture propagation 
pressure for the Vaca Muerta Formation (Mitchell, 1995), that was assumed to be equal to the 
magnitude of the minimum horizontal stress (Equation 4.19). 
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where    is Poisson’s ratio, and      Biot’s coefficient was assumed as 1. The minimum 
horizontal stress (     ), overburden stress (   ), pore pressure (  ), and rock tensile strength 
(  ) are in psi.  
Equation 4.20 was utilized to constrain the magnitude of the      : 
                                                                                                                          
where    is the difference between drilling ECD and pore pressure in psi. 
 
4.7.2   Anisotropic Poroelastic Rock Assumption and Comparison 
The stress state and formation anisotropy in the Vaca Muerta has been analyzed using 
dipole sonic (DSI) and image-log data. The isotropic and anisotropic Young’s moduli and 
Poisson’s ratios have been compared as illustrated in Figure 4.13. Then, using these isotropic and 
anisotropic parameters, the isotropic and anisotropic minimum horizontal stress magnitudes were 
calculated in the interval 2721-3119 m. Equations 4.21 (Higgins and Bratton, 2008) and 4.22 
(Zoback, 2010) have been used in this study to calculate the anisotropic principle minimum 
horizontal stress magnitude . 





    
                                                                                                             
 
                                                                                                                              
 
Here the    and    were assumed to be 0.53 and 0.44 respectively (Table 4.5) for 
3099.5m (Case 3). Sonic Scanner log primarily presents VTI behavior (Figure 4.9). However, in 
terms of stresses, it is evident that the horizontal stresses are different due to presence the of 
breakouts at the interval of interest. In terms of stiffness tensors, vertical shear moduli C44 and 
C55 are very close in values, indicating VTI behavior. Note that in the low shale intervals; the 
anisotropy is less significant compared to the shaly intervals. In such cases, the anisotropy may 
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be related to clay lamination, shale weak beddings, and DSI measurement errors due to washouts 







In order to check the quality of the derived magnitudes of principle horizontal stresses a 
stress polygon concept was utilized. Moos and Zoback (1990) described in detail the approach 
for constraining the uncertainty of the maximum horizontal stress magnitude obtained using 
Equations 4.21 and 4.22 The approach is based on the determination of allowable stress 
conditions (stress polygon) in which tensile failures and/or breakouts can occur. The parameters 
required to build the stress polygon are as follows:  
- Coefficient of internal friction  
- Pore pressure  
- ECD  
- Surge pressure  
- Magnitudes of overburden stress  
- Magnitude of minimum horizontal stress  
  
Figure 4.9 Types of anisotropy considered in this study. 
An example case of using the stress polygon for constraining the in situ stress magnitudes 
is shown in Figures 4.10, 4.11 and 4.12. 
 






Figure 4.10 Stress polygon at the depth 3099.5 m with 3 different stress regimes. 
Figure 4.11 Stress polygon at the depth 3099.5 m. Breakouts at all azimuths occur below 












In this study the absolute difference between the isotropic and anisotropic minimum 
horizontal stress values was considered to be the level of anisotropy in the formations of interest. 
The level of anisotropy was estimated in stress units (psi) for the entire interval of interest and is 
illustrated in Figure 4.13. Due to the relatively high level of anisotropy (more than 7%) in the 
Lower Quintuco and Vaca Muerta Formations, an anisotropic       magnitude approach was 
utilized for that specific interval.  
Figure 4.12 Stress polygon at the depth 3099.5 m. Line 3 represent the condition of 
tensile failure occurrence with tensile strength equals to zero. Since no tensile failure 
was observed at this depth, except breakouts, the possible range of       magnitude is 













4.8 Derived Stress Regime 
From the Figure 4.14, it is evident that the stress regime in the entire interval is in the 
normal fault regime (Sv>SH>Sh). For the better visualization and evidence of stress regime, 
Figure 4.13 The isotropic and anisotropic Young’s moduli and Poisson’s ratios with the 
calculated isotropic and anisotropic values of the minimum horizontal stress for the vertical 
transverse isotropic condition. The Vaca Muerta Formation presents significant formation 
anisotropy the shaly intervals. The intervals with the low shale content do not show large 
anisotropy. Track 1 is GR; Track 2 is a TVD in m; Track 3 is zones; Track 4 is a MD in m; 
Track 5 is the isotropic and anisotropic dynamic Young’s moduli in Mpsi; Track 6 is the 
isotropic and anisotropic static Young’s moduli in Mpsi; Track 7 is the dynamic isotopic and 
anisotropic Poisson’s ratios; Track 8 is the static isotopic and anisotropic Poisson’s ratios; 
Track 7 shows the isotropic and anisotropic minimum horizontal stresses in psi. 
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Figure 4.15 illustrates a faulted interval that intersects the top of Quintuco Formation (Garcia et 






















Figure 4.14 Magnitudes of pore pressure and principle stresses as a 
function of measured depth. The scale is from 0 to 13000 psi. 
 
 

















4.8 Wellbore Failure Analysis 
The stability analysis of the LJE-1010 well is referenced in this section. All possible 
states of wellbore failure are illustrated in Figure 4.16 and described below: 
1. Zones with risk of hydrocarbons influx (kick): any weight of mud below this limit 
defined by the pore pressure could cause influx. 
2. Wellbore collapse: corresponds to the red and yellow zones on the figure, depending 




Figure 4.15 Normal fault intersecting the top of Quintuco formation. The depth interval 
is 2400 - 2625 m. 
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collapse limit (LC) and corresponds to the minimum mud weight to prevent such a 
state of failure. It also indicates the hole ovalization resulted by the shear failure. 
3. Stable mud window: A safe mud window (white) is defined on the left by the 
minimum collapse limit or pore pressure and on the right by the minimum horizontal 
stress and fracture pressure. A mud weight falling on the white area implies that the 
well will remain in-gauge diameter without any lost circulation or wellbore collapse. 
4. Area of lost circulation (or area of losses from natural fractures): This is the blue area 
where the lower limit corresponds to the minimum horizontal stress. This area defines 
where mud weights partial losses are likely to occur due to pre-existing natural 
fractures. 
5. Fracturing zones or breakdown pressure (or area of losses through induced fractures): 
The black area is defined by higher densities than the fracture gradient. For example, 
the pressure exerted by the weight of the mud generated induced fractures (Bratton, 
2013). These are the densities that induce tensile failure in the walls of the well, with 








 Figure 4.16 Failure modes (Cook et al., 2011). 
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4.9 1D Mechanical Earth Model (MEM) 
The results of the last stage of development and calibration of the 1D Mechanical Earth 
Model are illustrated in Figure 4.17. Tracks on the 1D MEM represent the following: 
1. Track 1. Gamma ray log in API units. The scale is 0-300 API.  
2. Track 2. True vertical depth (TVD) in meters.  
3. Track 3. Color coded formations (Lower Quintuco, Upper, Middle and Lower Vaca 
Muerta, Upper Tordillo). 
4. Track 4. Measured depth in (MD) in meters. 
5. Track 5. Geomechanical rock properties including UCS (Coates-Denoo equation), 
UCS for core data points (TerraTek), tensile strength (10% of UCS), tensile strength 
from cores (TerraTek), friction angle (Equation 4.7), friction angle from cores 
(TerraTek) and Biot’s coefficient.  
6. Track 6. Magnitudes of pore pressure and principle in-situ stresses in psi. The scale is 
4000-12000psi. Also, an azimuth of maximum horizontal stress is indicated in 
degrees. 
7. Track 7. The results of wellbore failure analysis, explained in the previous page. The 
green curve corresponds to the mud weight used while drilling the LJE-1010 well. 
The scale is 0.8-2.6 g/cm
3
. The data points on the same track represent Mini-Fall Off 
(MFO) test results. The black data point is the pore pressure (1.49g/cm
3
 or 6459psi), 
the pink is fracture closure pressure (2.00g/cm
3
 or 8887psi) and the red data point is 
formation breakdown pressure (2.52g/cm
3
 or 11181psi).  
8. Track 8. Bit size and caliper log. The difference in between those two shows a 
wellbore failure (breakouts or collapse). The largest difference between bit size and 
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caliper (up to 2 inches) can be observed in Lower Quintuco and Lower Vaca Muerta 
formations, where tight hole and stuck pipe events occurred respectively. The scale is 
8-10 inches.  
9. Track 9. Proposed breakout severity from the wellbore stability analysis is adapted 
from earlier studies. It can be seen that prediction from the early does not match the 
actual wellbore failures from the Track 8.  
10. Track 10. Formation Temperature in degrees Celsius. The scale is 50-110°C.   
















Figure 4.17 One-Dimensional Mechanical Earth Model (1D MEM) for LJE-1010 using Techlog. 
 
 
    78  
All the necessary input parameters for the numerical model were taken from the 1D 
MEM. Moreover, in order to better visualize mineralogy and to obtain the volumetric thermal 























Figure 4.18 Lithology of Lower Quintuco-Vaca Muerta-Upper Tordillo. The track in the 
center shows the mineralogy in fractions. Clay minerals fractions are used to obtain Vshale for 
thermal expansion coefficient calculations. 
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4.10 Application of Derived 1D MEM to Vaca Muerta Blocks Studied 
A lateral (spatial) variability of rock properties is essential to the understanding of 
subsurface reservoir properties, because subsurface data only exists from widely spaced wells 
within Loma Jarillosa Este and Puesto Silva Oeste. Moreover, if significant lateral variations are 
not confirmed, 1D MEM and outcomes of wellbore stability analysis can be widely utilized on 
other blocks. Differences among Gamma Ray, compressional transit time and bulk densities 
measured in the LJE-1010 (reference well), LJE-1002 and PSO-1001 wells are shown in Figure 
4.19 and Figure 4.20. Note that big lateral variations are not expected, suggesting that Puesto 
Silva Oeste block is compatible with Loma Jarillosa Este block, which is beneficial for the 
wellbore stability forecast on both of the study blocks. Peaks in density logs suggest the presence 
of natural fractures or washouts (Figure 4.20 and Appendix A). The lateral variations in 
formations are clearly illustrated by formation tops of nine wells at LJE block. Figure 4.21 shows 
small lateral changes of the Vaca Muerta Formation (purple line). Variations in lateral 
petrophysical and geomechanical properties are accentuated where there are folded strata, faults, 









Figure 4.19 Gamma Ray and Compressional transit time (DTCO) logs 
comparison in three wells studied. 
 
 




















Figure 4.20 Bulk density los comparison in three wells studied. 
 
Figure 4.21 Formation tops of nine wells at LJE block. 
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CHAPTER 5 
NUMERICAL MODEL OF WELLBORE STABILITY 
The final stress alteration numerical model including the effects of stress, chemical 
interaction, flow induced stress and temperature alteration effects has been described in Chapter 
2 and the associated equation set used in the modeling study is represented in Equation 5.1. 
        
 
                                        
    
   
   
          
           
   
      
    
   
         
 
                                  
    
   
    
         
           
   
      
    
   
     
 
 
           
 
 
                        
 
5.1 Sensitivity Analysis 
Before the application of parameters to the numerical model, the sensitivity of collapse 
and tensile failure pressure to certain input parameters was assessed. Sensitivity analysis was 
conducted with the @RISK Excel program. The program allows mitigation of the risk 
severity  using Monte Carlo simulations to show probabilities of certain outcomes. The probable 
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Chapter 4 and Table 5.1, Figure 5.1, and Figure 5.2). The analytical approach discussed above 
has been utilized to obtain the output data.  
The first step involved simulating probability densities and then identifying P10 and P90 
values for the collapse (to prevent breakouts) and fracture pressures (refer to Figures 5.1 and 
5.2). For breakout prevention, the P10 value was calculated to be 29.26 MPa, and the P90 value 
was 37.08 MPa. Using the same concept, the probability density of the critical pressure, beyond 
which wellbore fracture would occur, is illustrated in Figure 5.2. The P10 value in this case is 
85.5 MPa, and the P90 value is 142.4 MPa. There is a 10% probability for the required wellbore 
pressure will be less than 85.5 MPa to fracture the well at this depth, and a 90% probability that 
the critical fracture pressure will be less than 142.4 MPa.  
 













PARAMETERS MIN MOST LIKELY MAX 
Pore Pressure, MPa 28.2 33.7 48.8 
Drilling ECD, MPa 40 40.23 40.8 
Static Poisson’s Ratio 0.03 0.27 0.8 
Static Young’s modulus, GPa 16.7 26.4 35.8 
UCS, MPa 31.4 75 150 
Tensile Strength, MPa 3.14 7.5 14.3 
Friction angle, deg 25 40 56 
Cohesion, MPa Calculated from the UCS and friction angle 
Sov, MPa 63.6 68.8 74 
Shmin, MPa 33.3 50.6 75.6 
SHmax, MPa 38.4 54.1 82.7 
Biot’s coefficient 0.4 0.7 1 
Aw_fl 0.65 0.92 0.95 
Aw_sh 0.8 0.9 0.98 
Membrane efficiency 0.001  0.1 
alfa_m, C
-1 
0.000001 0.000003 0.000012 
Circulation T, °C
 
70 75 85 
Formation To, °C
 
90 95 100.5 
 

























Figure 5.1 Probability density of the pressure to prevent the wellbore collapse. 
 
Figure 5.2 Probability density of the critical fracture pressure. 
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Even though the probability density charts show the level of confidence for particular 
values with the given input data set, it is still necessary to evaluate the sensitivity of the output 
data to the input parameters used. For this purpose, the tornado charts for the mud-window 
pressures have been proposed (see Figures 5.3 and 5.4). It is evident from Figure 5.3 that the 
most dominant parameters affecting minimum wellbore pressure (to prevent breakouts) are pore 
pressure, friction angle, UCS combined with static Young’s modulus, static Poisson’s ratio, and 
principle horizontal stress magnitudes. Despite the potential impact of the overburden, the scatter 
of possible values for the overburden stress has been significantly narrowed in this case as shown 
in Figure 5.3, indicating the low sensitivity of this parameter.  
The critical fracture pressure results differ as shown in Figure 5.3. In this tornado chart, 
the highest contributors are the static Poisson’s ratio, Biot’s coefficient, tensile strength, and the 
maximum horizontal stress magnitude. Although it appears that the impact of chemical, thermal, 
and flow-induced stresses is trivial, the effects of these parameters on key rock properties must 
be considered simultaneously. Based on the sensitivity analysis, emphasis should be given to the 



































Figure 5.3 Contribution of various input parameters to minimum pressure to 
prevent breakouts. 
Figure 5.4 Contribution of the various input parameters to critical wellbore fracturing 
pressure. 
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5.1 Numerical Model Results and Discussion 
The numerical model was simulated with MATLAB software. The Mohr-Coulomb and 
Mogi-Coulomb failure criteria have been utilized in the numerical model to evaluate the critical 
mud weights to prevent breakouts and tensile fractures in vertical and arbitrarily oriented 
wellbores. Different depths (cases) were selected within the interval of interest. Cases 1 and 3 
represent MD at which wellbore breakouts occurred (tight hole and stuck pipe), and Case 2 
corresponds to the in-gauge hole with no wellbore instabilities. In these three cases the in-situ 
principle stresses, lithology, and geomechanical properties change. With an increase in shale 
volume, the UCS increases and internal friction angle decreases. 
The model originally utilized Biot’s coefficient equal to 1. However, the model was 
modified to incorporate a direction dependent Biot’s coefficient to fit VTI rock behavior 
(      .  
 
5.1.1 Original Model Results (   ) 
Input data for the numerical model with Cases 1, 2 and 3 are shown in Tables 5.2, 5.3, 
and 5.4, respectively. The outcomes of numerical modeling for Cases 1, 2, and 3 are illustrated in 
Figures 5.5, 5.6, and 5.7, respectively. The required mud weight to prevent wellbore breakouts 
using the Mogi-Coulomb and Mohr-Coulomb failure criteria are shown in these figures along 
with the maximum mud weight, before wellbore fracturing occurs, for an arbitrarily orientated 
wellbore for Cases 1, 2, and 3. In all three cases, the required mud weight to avoid wellbore 
breakouts using the Mohr-Coulomb failure criterion is higher (by approximately 0.15 g/cm
3
) 
than the calculated mud weight obtained from the Mogi-Coulomb failure criterion. A possible 
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reason for this difference is the strengthening effect of an intermediate principle stress at the 
wellbore, as is the case for the Mogi-Coulomb criterion.  
To validate the feasibility of the Mogi-Coulomb and Mohr-Coulomb criteria for the study 
field, both criteria were applied for LJE-1010 well that was drilled with considerable wellbore-
stability issues in the Lower Quintuco and Upper Vaca Muerta intervals with a mud weight of 
1.20 g/cm
3 
(lower limit). It is recommended to use the numerical model with the imbedded 
Mogi-Coulomb criterion in order to avoid severe wellbore-breakout incidents and circumvent an 
overestimation of the required mud weight.  
Even with a small probability of wellbore fracturing at the interval of interest, the results, 
shown in Figures 5.5, 5.6, and 5.7, are considered to be accurate with the calculated tensile 
strength. For the Lower Vaca Muerta interval it is recommended to drill deviated wells in the 
direction +/- 20 degrees from the direction of the minimum horizontal stress to prevent wellbore 
breakouts or to significantly reduce a breakout width. The formation breakdown risk in the given 
interval is low even with the variation of the wellbore azimuth. Also, based on the results of the 
numerical modeling, the wellbore inclination at the interval of interest should be above 50 
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Table 5.2 Input Data Used for Case 1. Tight hole at Lower Quintuco (breakouts < 2in) 
 
 
TVD, m 2975.5 
Lithology 
58.1% Calcite, 25.7% Shale,  
12.8% Quartz 
Rock Tensile Strength, MPa 3.91 
Uniaxial Compressive Strength, MPa 39.1 
Young’s Modulus, GPa 37.78 
Poisson’s Ratio, unitless 0.215 
Biot’s coefficient, unitless 1 
Internal friction angle, deg 40.32 
Overburden stress, MPa 69.96 
Minimum Horizontal Stress, MPa 44.22 
Maximum Horizontal Stress, MPa 50.2 
Azimuth of max. horizontal stress, deg 85 
Pore Pressure, MPa 31.32 





Formation temperature change, °C -20 
Membrane efficiency, unitless 0.1 
Chemical activity of shale pore water 0.8 
Chemical activity of drilling fluids 0.92 






































Figure 5.5 Minimum mud weight required to prevent wellbore breakout for an 
arbitrarily oriented well for Case 1 utilizing Mogi-Coulomb (a) and Mohr-Coulomb 































Figure 5.5 (cont’d) Maximum mud weight required to prevent wellbore fracturing 
(induced fractures) for an arbitrarily oriented well for Case 1. Isotropic assumption.  
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Table 5.3 Input Data Used for Case 2. Upper Vaca Muerta - in-gauge hole > 0.2in 
 
 
TVD, m 3013.5 
Lithology 
43.3% Calcite, 33.6% Shale, 
16.3% Quartz 
Rock Tensile Strength, MPa 6.13 
Uniaxial Compressive Strength, MPa 61.3 
Young’s Modulus, GPa 22.41  
Poisson’s Ratio, unitless 0.214 
Biot’s coefficient, unitless 1 
Internal friction angle, deg 37.42 
Overburden stress, MPa 70.93 
Minimum Horizontal Stress, MPa 49.64 
Maximum Horizontal Stress, MPa 52.41 
Azimuth of max. horizontal stress, deg 70 
Pore Pressure, MPa 35.73 





Formation temperature change, °C -20 
Membrane efficiency, unitless 0.1 
Chemical activity of shale pore water 0.8 
Chemical activity of drilling fluids 0.92 




































Figure 5.6 Minimum mud weight required to prevent wellbore breakout for an 
arbitrarily oriented well for Case 2 utilizing Mogi-Coulomb (a) and Mohr-Coulomb 
































Figure 5.6 (cont’d) Maximum mud weight required to prevent wellbore fracturing 
(induced fractures) for an arbitrarily oriented well for Case 2. Isotropic assumption. 
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Table 5.4 Input Data Used for Case 3. Stuck Pipe at Lower Vaca Muerta (breakouts <1.5in) 
 
 
TVD, m 3099.5 (3097.5) 
Lithology 
40% Shale, 24% Calcite 
34% Quartz 
Rock Tensile Strength, MPa 8.032 
Uniaxial Compressive Strength, MPa 69.1 
Young’s Modulus, GPa 28.06 
Poisson’s Ratio, unitless 0.27 
Biot’s coefficient, unitless 1 
Internal friction angle, deg 34 
Overburden stress, MPa 72.76 
Minimum Horizontal Stress, MPa 57.68 
Maximum Horizontal Stress, MPa 60.27 
Azimuth of max. horizontal stress, deg 70 
Pore Pressure, MPa 48.01 





Formation temperature change, °C -20 
Membrane efficiency, unitless 0.1 
Chemical activity of shale pore water 0.8 
Chemical activity of drilling fluids 0.92 


































Figure 5.7 Minimum mud weight required to prevent wellbore breakout for an 
arbitrarily oriented well for Case 3 utilizing Mogi-Coulomb (a) and Mohr-Coulomb 




























Figure 5.7 (cont’d) Maximum mud weight required to prevent wellbore fracturing 
(induced fractures) for an arbitrarily oriented well for Case 3. Isotropic assumption.  
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5.1.2 Modified Model Results (     ) 
Input data for the modified numerical model with Case 3 (modified) is shown in Table 
5.5. The outcome of numerical modeling for Case 3 (modified) is illustrated in Figure 5.8. Due to 
presence of core measurements, Case 3 was taken for modified numerical model.  
Table 5.5 Input Data Used for Case 3 (modified). Stuck Pipe at 



















TVD, m 3099.5 (3097.5) 
Lithology 
40% Shale, 24% Calcite 
34% Quartz 
Rock Tensile Strength, MPa 8.032 
Uniaxial Compressive Strength, MPa 69.1 
Horizontal Young’s Modulus, GPa 31.78 
Vertical Young’s Modulus, GPa 25.15 
Horizontal Poisson’s Ratio, unitless 0.253 
Vertical Poisson’s Ratio, unitless 0.216 
Vertical Biot’s coefficient, unitless 0.53 
Horizontal Biot’s coefficient, unitless 0.44 
Internal friction angle, deg 34 
Overburden stress, MPa 72.76 
Minimum Horizontal Stress, MPa 59.76 
Maximum Horizontal Stress, MPa 62.56 
Azimuth of max. horizontal stress, deg 70 
Pore Pressure, MPa 48.01 





Formation temperature change, °C -20 
Membrane efficiency, unitless 0.1 
Chemical activity of shale pore water 0.8 
Chemical activity of drilling fluids 0.92 
Formation temperature, °C 101 
 
























Figure 5.8 Minimum mud weight required to prevent wellbore breakout for an 
arbitrarily oriented well for Case 3 utilizing Mogi-Coulomb (a) and Mohr-Coulomb 




















The minimum horizontal stress derived from the anisotropic equation will almost always 
be greater than the isotropic method. The mud weight calculated using anisotropic assumption 
was 0.07 g/cm
3
 (0.6 ppg) higher than the results derived from the isotropic assumption. 
Therefore the anisotropic assumption would have been a more accurate approach in mitigating 
wellbore instabilities; the 1.20 g/cc mud weight derived by the service company from the 
isotropic assumption was clearly an underestimate. Meanwhile, maximum mud weights required 
to prevent wellbore fracturing are almost the same, around 2.55 g/cm
3
, which is close to 2.52 
g/cm
3
 from Mini-Fall Off test data at 3117.5 m. 
Figure 5.8 (cont’d). Maximum mud weight required to prevent wellbore fracturing 
(induced fractures) for an arbitrarily oriented well for Case 3. Anisotropic 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
The following conclusions are obtained from the wellbore stability analysis and 
implementation in the Vaca Muerta: 
- The geomechanical model of LJE-1010 well was calibrated integrating all available 
information at each stage of the study. 
- The pre-drill stage of future objective wells was developed to target the Vaca Muerta 
Formation. The reference well for the generation of geomechanical model was the LJE-
1010, because this particular well has the best set of log and core data. 
- The dominant stress regime in the field is normal fault (Sv > SHmax > Shmin). 
- The predominant direction of maximum horizontal stress is: 
Quintuco - Vaca Muerta Formations: 70
o
 (east-west), which is in agreement with the 
stress map of the local region. 
- The mud window displays a stable Lower Vaca Muerta due to the pressure that it has in 
the base zone. Even though Lower Vaca Muerta is a low permeability interval, 
nevertheless it should be monitored for the presence of gas due to the possible existence 
of fractured sections. In the same section, the breakdown pressure becomes lower; 
therefore, an appropriate controlling equivalent circulating density is necessary to prevent 
the fluid losses. 
- Optimum well placement (well trajectory and azimuth) is essential for the successful 
application of multi-stage fracturing (MSF) technology. In the case of Vaca Muerta, wells 
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placed in the direction of Shmin provide the best chance of placing multiple hydraulic 
fractures without causing overlaps. 
- The wellbore integrity and stability is a legitimate concern while drilling a well in the 
Shmin direction. This is because stresses on the openhole section are increased, and 
breakouts and breakdowns can happen more frequently. Prediction and use of correct 
MWs are essential to maintain wellbore stability and create a smooth and even section in 
the reservoir interval.  
- 1D MEM is an essential tool to be developed and used while drilling. Models should be 
used to properly design MW window and relevant geomechanical properties using offset 
well data and then continuously should be updated and used for prediction during the 
actual drilling of the well. 
- The Mogi-Coulomb formation failure criterion was found to be a better characterization 
of the brittle rock failure in the Vaca Muerta Formation. The utilization of the Mohr-
Coulomb failure criterion resulted in overestimation of the wellbore collapse pressure, 
probably due to ignoring the strengthening effect of the intermediate principle stress.  
- Drilling horizontal wells in the direction of Shmin and completing and stimulating them 
with multi-stage fracturing (MSF)  have provided great success, and optimal production 
rates in shale plays, including Eagle Ford and Bakken shale formations. Therefore, results 
from this study can enhance a well placement for a successful multi-stage fracturing 
(MSF) application in the Vaca Muerta Formation. 
- Results of this study can help well trajectory optimization, proper mud weight 
determination, and reduce non-productive time (NPT) while drilling.  
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- Derived 1D MEM and numerical models could be applied to other blocks in Neuquén 
Basin. 
 
6.2  Recommendations  
- Increasing the actual mud weight used in the current wells by 0.05 - 0.1 g/cc.  
- Monitoring gas influx levels due to overpressure in Upper and Lower Vaca 
Muerta and the central section of Quintuco will be beneficial. 
- Carrying out a check of the ECD (MWD) to avoid reactivation of natural 
fractures, particularly for the Lower Quintuco and Lower Vaca Muerta will 
minimize some wellbore stability issues.  
- The correct operational practice implementation to ensure optimum hole cleaning 
is required. 
- Preventive actions (e.g. Lost Circulation Materials (LCM)) for zones with high 
risk of lost circulation should be taken for the Lower Quintuco. “Stress Cage” 
concept could eliminate such events. 
- Use of Annular-Pressure-While-Drilling sensor (APWD) can increase drilling 
efficiency. 
- Perform XLOT (Extended Leak-Off Test) at the each point of casing setting depth 
in order to calibrate and correct the logs derived magnitudes of the SHmin. 
- Continue to acquire the set of complete records, as in the case of LJE-1010 well, 
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6.3 Future Work  
Future research priorities are the following: 
- Obtain geomechanical properties from cores under the true-traxial tests in order to 
imitate in-situ stress state.  
- Collect XLOT data from PlusPetrol in order to check and compare study results, 
if the company performed any. 
- Develop a new correlation and/or equation for Unconfined Compressive Strength 
(UCS) determination, particularly for shale formations using cores from 
analogous shale plays around the world.   
- Modify existing pore pressure prediction algorithms or develop an alternative 
method that can deliver more accurate predictions in shale formations.  
- Investigate and study the stress cage (hoop stress enhancement) concept on 
different formations in general, and in shale formations in particular. A 
comparison of LCM size distribution in relation to fracture width and 
investigation of LCM performance as a function of material type and 
concentration should be performed.  
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APPENDIX A 
UNCONFINED COMPRESSIVE STRENGTH-CALIPER LOG AND BULK DENSITY-
CALIPER LOGS COMPARISONS 
 
Low values of unconfined compressive strength and high caliper log readings may 
indicate a wellbore failure, whereas low values of bulk density and high caliper readings may 
indicate fractures (as observed in the Lower Quintuco and Lower Vaca Muerta). It has also been 
confirmed with daily drilling reports that the Lower Quintuco and Lower Vaca Muerta 



























Figure A.1 Comparison of UCS vs. Caliper log and RHOB vs. Caliper log. 
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APPENDIX B 
EXPERIMENTAL SETUP PLANNED TO USE IN THE STATIC AND DYNAMIC MODULI 
AND FAILURE MEASUREMENTS 
 
In Unconventional Natural Gas Institute, experiments are going to be performed in a fully 
servo-controlled triaxial load frame, by MTS (Figure 12a). A 1-1.5” diameter sample is placed 
between 2 coreholders which are set inside a specially designed pressure vessel for 
deformational testing. Inside the pressure cell, isotropic confining pressure is first applied to the 
sample by the confining fluid, and axial differential pressure is applied by the piston, where both 
pressures are generated by servo controlled ISCO syringe pumps. A viton jacket is used to seal 
the sample from the confining fluid. The confining pressure and pore pressure are controlled by a 
computer controlled ISCO pump system a pressure transducer resolution of 0.001 psi (6.895 
pascals). The axial differential pressure is controlled by a feedback from the MTS system with 
about 0.01 psi resolution. While the sample is tested under in situ triaxial stress conditions, the 
deformation of the sample is measured in the axial and lateral direction (Figure B.1). A pair of 
Linear Vertical Displacement Transducers (LVDT) (1 micron resolution) attached to the sample 
cell are used to measure the sample length. The sample deformation in the lateral direction is 
measured by a pair of spring-mounted strain-gauge transducers (only one is drawn in Figure 16a; 
0.6 micron resolution) which clamped on to the samples 90 degrees apart from each other to 
measure the lateral deformation in two directions. The ultrasonic velocities are also measured by 
recording the travel time of compressional and shear waves generated by a piezoelectric crystal 
attached in the internal surface of the sample cell (Figure B.2). 
 






















Figure B.1 Schematic of Triaxial Cell. Figure B.2 The Triaxial Cell used in the 
experiments of this study. 
